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•  One	  of	  the	  primary	  issues	  in	  
1low	   assurance	   is	   hydrate	  
plugging	  in	  pipelines	  [1].	  
	  
•  Other	   hydrate	   applications	  
include:	   hydrates	   as	   an	  
energy	   resource,	   seawater	  
desalination,	  CO2	  sequestra-­‐
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•  Contact	  angle	  of	  water	  on	  hydrate	  (in	  cyclopentane:	  94°)	  is	  
very	  different	  than	  that	  of	  water	  on	  ice	  (in	  air:	  12°)	  	  [3].	  
•  Contact	  angle	  decreases	  slightly	  with	  longer	  annealing	  times.	  
•  Hydrate	  anti-­‐agglomerants	  increase	  water	  contact	  angles.	  
•  Degree	  of	  hydrophobicity	  on	  hydrates	  can	  predict	  
effectiveness	  of	  AA	  (with	  decreasing	  adhesion	  force).	  
•  Mitigating	  hydrate	  particle	  agglomeration	  can	  be	  key	  in	  
hydrate	  energy	  applications	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•  Investigate	  fundamental	  clathrate	  hydrate	  properties	  
•  Correlate	  contact	  angle	  with	  particle	  adhesion	  force	  
•  Investigate	   effect	   of	   surface	   active	   chemicals	   (anti-­‐
agglomerants,	  AAs)	  on	  contact	  angle	  
Contact Angle Measurements 
Cyclopentane	   hydrate	   is	   formed	  
in	   a	   cooled	   bath	   on	   an	   inverted	  
light	   microscope.	   	   The	   hydrate	  
position	   is	   controlled	   with	   a	  
manual	  micromanipulator.	  
•  Hydrates	  are	  neither	  severely	  oil	  wetting	  or	  water	  wetting.	  
•  Adding	  chemicals	  to	  hydrates	  changes	  their	  contact	  angles	  
with	  pure	  water.	  
Pure cyclopentane hydrate 
θp = 94 ± 5° (13 data points) 
FA = 4.3 ± 0.4 mN/m [2] 
Hydrate with 1 vol.%  
effective Quaternary 
Ammonium Salt AA 
θp = 180° (6 data points) 
FA = 0 mN/m  
 
Adhesion	  forces	  are	  measured	  in	  
a	  cooled	  bath	  under	  an	   inverted	  
microscope	   with	   two	   micro-­‐
manipulators,	   and	   calibrated	  
cantilevers	  via	  Hooke’s	  Law.	  
Capillary Bridge Theory 
FA
R*
= 2πγ sin α( )sin θ p +θ s( ) + 2πγ cos θ p( )
1+ H
2d
Adhesion	   forces	   can	   be	   predicted	  
knowing	   the	   bridge-­‐bulk	   IFT,	   γ,	   bridge-­‐
hydrate	   contact	   angle,	  θp,	   and	   a	   physical	  




















Annealing	  time	  (min)	  
Contact	   angles	   for	   water	   on	   hydrates	   were	   measured	   with	  
different	  annealing	  times	  and	  surfactant	  additives.	  	  This	  is	  the	  1irst	  
time	   these	   contact	   angles	   have	   been	  measured	   and	   incorporated	  
into	  the	  Capillary	  Bridge	  Theory.	   	  The	  hydrate-­‐water	  contact	  angle	  
was	   signi1icantly	   reduced	   with	   chemical	   additives	   compared	   to	  
pure	   hydrate,	   and	   can	   be	   used	   to	   predict	   anti-­‐agglomerant	  
effectiveness.	  	  
Con tac t	   ang l e	   a s	   a	  
function	   of	   annealing	  
time.	  	  	  
	  
A s	   a n n e a l i n g	   t im e	  
increases,	   contact	   angles	  
decrease	   slightly	   (with	  
increased	  water	  wetting)	  
for	  up	  to	  2	  hrs	  annealing.	  
Hydrate with 2 vol. 
effective Quaternary 
Ammonium Salt AA 
θp = 180° (6 data points) 
FA = 0 mN/m  
•  Hydrates	   are	   solid	   inclusion	   compounds	   where	   hydrogen-­‐
bonded	  water	  molecules	   form	  a	   lattice	   structure	   around	   guest	  
molecules,	  usually	  light	  hydrocarbons	  [1].	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